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A WIDE VARIETY OF SPECIES, including vertebrate and invertebrates, consume food in bouts (i.e., meals). Episodic food intake likely benefits survival in many ways. For instance, it prevents continuous exposure to harsh environments and increases flexibility in response to temporal variations in food availability. Decades of research suggest that different mechanisms regulate meal initiation (when to start eating) versus meal termination (how much to eat in a meal, also known as satiety). There is a very limited understanding of the mechanisms that regulate meal onset and the duration of the postprandial intermeal interval (ppIMI). The ppIMI is the time spanning from the end of one meal to the beginning of the next meal; it influences meal frequency and is thus a major determinant of food intake. As a result, a complete understanding of energy regulation must take into account the neural factors that regulate meal onset. Not only will this fill a critical void in our basic understanding of energy regulation, but understanding controls of meal onset will also likely advance our knowledge of the causes of snacking, excess caloric intake and obesity. In the present review, we discuss issues involved in measuring meal onset and some of the limited available evidence regarding how it is regulated. Then, we review evidence implicating the hippocampus in energy regulation, describe our recent work indicating that dorsal hippocampal neurons inhibit meal onset during the ppIMI and discuss the processes that may be involved in this. We also synthesize recent evidence, including evidence from our laboratory, suggesting that overeating impairs hippocampal functioning and that impaired hippocampal functioning, in turn, contributes to the development and/or maintenance of diet-induced obesity. Finally, we identify critical questions and challenges for future research investigating neural controls of meal onset.
How Is Meal Onset Measured?
The majority of studies examining neural controls of food intake measures meal size, cumulative intake, or total amount consumed within a certain period of time. In contrast, very few studies actually measure the interval between two meals (i.e., the ppIMI). There are instances where experimenters do measure latency to eat, but this measure is most relevant to the ppIMI if it is latency since the last meal was terminated rather than latency to eat after an experimental manipulation. Other measures related to meal onset and the ppIMI include the satiety ratio, which is the duration of the ppIMI divided by the size of the preceding meal, and the postprandial correlation, which describes the positive association between the size of a meal and the length of time that passes before the next meal is initiated.
An important consideration for measuring meal onset and the ppIMI is the way in which the end of a meal is operationally defined. This is not straightforward, as there is a need to discriminate intrameal pauses from those that signal the end of a meal. How the end of a meal is defined influences how many meals are measured during an experimental period, as well as meal size and duration (212, 238) . In rats, a survey of the literature reveals that the criterion used to define the end of a meal ranges from 1 to 40 consecutive minutes without food intake (see Refs. 29, 30, 63, 79, 84, 233) . Some investigators define the end of a meal with behavioral parameters, such as grooming and sleeping (5, 49, 131, 132) , and others use mathematically based definitions such as log-survivorship analysis (29, 63, 84) . This inconsistency in the operational definitions of meal termination makes comparisons across studies difficult. This may be why, for instance, some researchers observe a significant postprandial correlation (62, 136, 238) , whereas others do not (29, 135) .
Converging evidence suggests that one of the most valid criteria to define meal termination in rats is five consecutive minutes without eating. Once a rat has stopped eating for 5 min there is a very low probability that the rat will initiate eating; the longer the criterion, the greater the probability of eating (77, 238) . In addition, a significant postprandial correlation is observed when this operational definition is used (238) . Moreover, this 5-min criterion is associated with the expression of the behavioral satiety sequence in rats (5, 77, 132) , which is an increase in grooming and locomotor activity (e.g., sniffing and rearing) following a meal that eventually terminates with resting behavior (5, 21, 132, 186, 216, 238) .
What Do We Know About the Factors That Influence Meal Initiation?
To date, evidence suggests that internal signals generated by a previous meal, and environmental and conditioned stimuli interact to influence meal onset.
Internal signals influence meal onset. As noted above, under certain conditions, there is a positive relation between the size of a meal and the timing of the next meal. This suggests that internal signals generated by an eating episode influence meal onset (42, 127, 213, 215) . This interpretation is supported, for example, by the finding that there is a small and transient decrease in plasma glucose concentrations ϳ5 min prior to meal onset in free-feeding rats (24, 25, 141, 201) . In addition, decreases in activity-independent metabolism (160) and increases in brown adipose tissue thermogenesis have been observed during the period before eating is initiated (19, 126) . Levels of the peripheral gut peptide ghrelin peak prior to meal onset (46) and administering hormones associated with hunger, such as ghrelin, increase meal frequency in rats (33, 46, 75) .
Environmental and conditioned stimuli influence meal onset. Not surprisingly, endogenous biological clocks participate in meal timing. Lesions of the suprachiasmatic nucleus (SCN; the primary circadian timing mechanism in the brain) disrupt meal patterning such that SCN-lesioned rats eat an equal number of meals throughout the day and night (118, 158, 161, 209) . Non-SCN food-entrainable endogenous oscillators also influence meal onset. Rats placed on a feeding schedule determined by the investigator come to display anticipatory changes in behavior and in a multitude of physiological responses during the period preceding the scheduled meal (68, 194, 207, 219) . For instance, cephalic levels of glucagon-like peptide-1, ghrelin, and insulin peak ϳ1 h, 30 min, and 10 to 15 min preceding a meal, respectively (14) . Such conditioned anticipatory responses are presumed to prepare the animal metabolically for the forthcoming meal (234) . Food-entrainable oscillators are likely independent of the SCN because SCN lesions do not prevent these anticipatory responses (129, 204 -206, 214) . Rather, food-entrainable oscillators are likely located in peripheral tissues, such as liver and pancreas (48, 110, 208) .
Learned associations between environmental cues and food availability can override satiety cues and stimulate ingestion.
For example, the cues or context associated with palatable food will cause a sated rodent or human to eat (43, 177, 184, 194, 228, 229) . In rats, this cue-induced increase persists for several hours after the onset of the cue and is the result of associative learning, rather than a nonspecific effect of environmental or food-related novelty (184) . Lesions of the basolateral amygdala (99, 100) or medial prefrontal cortex (177) prevent cue-and context-potentiated feeding of food pellets, respectively, suggesting that these areas mediate the effect of learned associations between environmental cues and food availability on meal initiation. The basolateral amygdala and medial prefrontal cortex likely mediate these effects via a direct influence on the lateral hypothalamus. Conditioned cues that stimulate eating in sated rats activate neurons in the ventral medial prefrontal cortex that project directly to the lateral hypothalamus (176) , and lesions that functionally disconnect the basolateral amygdala from the lateral hypothalamus abolish cuepotentiated feeding (176, 178) . These conditioned cues likely act by stimulating orexin (ORX)/hypocretin hypothalamic neurons because a cue associated with food selectively increases c-Fos levels in hypothalamic ORX neurons, but not in neurons containing melanin-concentrating hormone (175) . It is worth noting, though, that there do not appear to be any neural studies that have measured the effects of a conditioned cue on the duration of the ppIMI; rather, these studies typically measure the amount that sated animals will eat when a conditioned cue is presented (e.g., 176 -178) . Also, there does not seem to be any evidence indicating that rats exposed to conditioned food-related cues gain more weight than unexposed controls (108, 174) .
How does cognition influence the decision to start eating? A critical question in neuroscience that is very poorly addressed is, "How do cognitive processes modulate energy intake?" The majority of research on meal onset either ignores the contribution of cognitive processes, or acknowledges a likely role, but provides no direct evidence (e.g., 17, 199, 237) . As such, current theories of meal onset are unsatisfactory and incomplete, because they do not account for the fact that many animals use conscious cognition to guide behavior. Conscious cognitive processes increase behavioral flexibility, thereby enhancing an animal's ability to adapt to changes within and between environments. In terms of cognitive processes, we hypothesize more specifically that an animal's hippocampaldependent memory of when it last ate influences the timing of its next meal. In other words, we propose that the question: "When should I eat again?" is answered in part by "When did I last eat?" man animals (70, 200) . Evidence suggests that hippocampal neurons are involved in the active maintenance of episodic memories, as well as the formation of long-term episodic memories (66, 69, 230) . Along the septotemporal axis, the hippocampus can be divided into dorsal and ventral regions (157) . Dorsal hippocampal neurons appear to be preferentially involved in learning and memory and spatial navigation, whereas ventral hippocampal neurons participate in emotional and affective processes (11, 72, 130, 157) .
The hippocampus is anatomically poised to regulate meal onset. Although the hippocampus is primarily associated with memory, it is striking how it is equipped neuroanatomically and neurochemically to influence energy intake. Hippocampal neurons receive neural signals regarding food stimuli from the arcuate nucleus, nucleus of the solitary tract (oropharyngeal, stomach, small intestine), insula (internal perception of hunger), and orbitofrontal cortex (taste) (4, 104, 187, 202, 226, 227) . In addition, throughout the hippocampus there is a multitude of receptors for preprandial and postprandial signals, including leptin (long/signaling variant) (151), insulin, ghrelin, glucose, cholecystokinin (CCK; likely CCK-B) (1, 196, 222) , glucocorticoids, neuropetide Y, bombesin (neuromedin B, gastrin-releasing peptide receptor and bombesin-like receptor 3) (13, 101, 107, 111, 232) , and galanin (134) . Hippocampal neurons project to all brain areas critical to energy intake. More specifically, hippocampal neurons send extensive efferent projections to the hypothalamus (31, 124), the brain region most traditionally associated with energy regulation (20, 67, 192) . These projections terminate in several hypothalamic regions, including anterior hypothalamic nucleus, ventromedial hypothalamic nucleus, lateral hypothalamic and lateral preoptic areas, and medial preoptic area. Hippocampal neurons also project to the bed nucleus of the stria terminalis (45, 182), nucleus accumbens (22, 86) and lateral septum (31), which also influence ingestive behavior (36, 122, 143, 164, 195, 211) . It is possible that hippocampal neurons regulate homeostatic controls of intake via projections to hypothalamus, bed nucleus of the stria terminalis, and/or lateral septum and hedonic controls via nucleus accumbens.
Food-related hormones and adipokines influence hippocampal function. Many food-related hormones and cell-signaling proteins released by adipose tissue (i.e., adipokines) enhance hippocampal mnemonic function. For example, administration of ghrelin or leptin facilitates neurogenesis in the hippocampal dentate gyrus region (82, 154) . Peripheral and intrahippocampal injections of ghrelin increase hippocampal synaptic plasticity and spine density (27, 34, 65). Moreover, peripheral and/or intra-hippocampal injections of leptin, insulin, and ghrelin enhance hippocampal-dependent learning and memory in a variety of memory tasks (8, 9, 26, 28, 34, 44, 65, 73, 83, 149, 155, 166) .
Limited evidence suggests that some food-related signals influence energy intake, in part, via effects on hippocampal neurons. Hippocampal infusions of the hunger-stimulating hormone ghrelin increase the amount of food consumed and meal frequency (26, 28, 114) . In contrast, intrahippocampal infusions of the anorexic signal leptin suppress food intake and decrease body weight (115) . The finding that intrahippocampal leptin infusions impair the expression of a conditioned place preference for food suggests that hippocampal leptin may have also a role in food-related memory processing (115) . Collectively, these findings suggest that during the period following a meal, hippocampal neurons are in an optimal state to influence memory. Traditionally, the thinking has been that these memories are created in the service of food procurement (e.g., remembering the location of a food source and where food was consumed; 39, 47, 76, 80, 88, 109, 138, 165) . We propose that such memories also serve to regulate the duration of the ppIMI and, thus, the timing of meals.
Hippocampal lesions impair energy regulation. The findings of lesion studies suggest that the hippocampus plays an inhibitory role in energy intake. For instance, in rodents, hippocampal lesions increase food intake and promote weight gain (51) . In rats, lesions of the fimbria fornix (major hippocampal input/output pathway) or hippocampus increase meal frequency (40, 55, 167) , suggesting that hippocampal neurons may inhibit meal onset by extending the ppIMI. Hippocampal lesions also impair the development of a learned taste aversion when there is a long interval between taste exposure and the induction of malaise (125) . Interestingly, humans and rodents with hippocampal deficits are impaired in their ability to identify whether they are sated or hungry (81, 90, 94, 191) . In rodents, this is demonstrated by a hippocampal lesion-induced deficit in the ability to use interoceptive cues to guide behavior (55, 56, 96) . The famous patient H.M. and other humans with hippocampal-dependent episodic memory deficits have difficulties determining whether they are sated, do not remember eating, and will eat an additional meal when presented with food, even if they have just eaten to satiety (81, 90, 94, 191) .
Reversible inactivation of dorsal hippocampal neurons during the postprandial period accelerates meal onset.
On the basis of the evidence reviewed above, our overarching hypothesis is that hippocampal neurons form a memory of a meal and use this information to temporarily inhibit meal onset during the ppIMI. As a first step toward testing this hypothesis, we determined whether temporarily disrupting dorsal hippocampal function during the period following a meal would accelerate meal onset (91) . We elected to restrict our manipulation to the dorsal hippocampal region, given its prominent role in episodic memory (12, 97, 120, 137, 145, 181) . Inactivating hippocampal activity after a meal and using a reversible lesion is a powerful strategy for investigating the controls of meal onset. This approach extends previous studies by restricting the manipulations to the ppIMI, thereby avoiding effects on the size of the preinfusion meal and allowing us to study meal onset separately from satiety. This critical dissociation between satiety and meal onset is not possible with permanent lesions. From a memory viewpoint, the manipulations are confined primarily to the consolidation period (i.e., the postlearning period when memories are being strengthened and stabilized). Moreover, the use of reversible inactivation minimizes the possible contribution of other changes associated with surgery and lesions, such as neural reorganization and compensation, or weight loss (51) .
In this study, rats were trained to consume a sucrose solution at a scheduled time daily. We elected to use the sucrose solution as the meal because 1) it is palatable, 2) its stimulus qualities are specific, 3) its peripheral and central processing sites and mechanisms have been identified, 4) its concentration can be varied to manipulate postingestive consequences (61, 123, 225) , and 5) it cannot be hoarded. Importantly, we kept the time and location in which rats consumed the sucrose solution constant to minimize the contribution of novelty, spatial, contextual or circadian processes. On the experimental day, we infused the GABA-A receptor agonist muscimol into the dorsal hippocampus after the rats had finished their sucrose meal, which was operationally defined as five consecutive minutes without contacting the sipper tube (221, 238) . Our findings show that inactivating dorsal hippocampal neurons during the postprandial period significantly decreased the duration of the ppIMI, decreased the satiety ratio and abolished the postprandial correlation (see Fig. 1, A-C) . These inactivation-induced changes do not appear to be due to a stimulatory effect of the reversible lesions on activity because the inactivation did not increase speed of consumption. Interestingly, the inactivation also increased the size and duration of the postinfusion meal (see Fig. 2 ), suggesting that dorsal hippocampal neurons may also influence satiety. Given that centrally infused muscimol can inhibit neural activity for several hours (7, 147) , neural activity was likely still disrupted during the consumption of the postinfusion meal. One possibility is that the muscimol-induced increase in meal size may be the consequence of increased positive feedback from the ingested food, decreased negative feedback, or both.
What Processes Are Involved in Hippocampal Inhibition of Meal Onset?
Is formation of an episodic memory necessary? Our findings with reversible inactivation of dorsal hippocampal neurons during the ppIMI support our working hypothesis that dorsal hippocampal neurons form a memory of a meal and delay meal initiation during the postprandial period. The fact that the inactivation was timed to occur during the period immediately following the end of meal means that these neurons were inactivated during the consolidation period when the memory of the meal was being formed. This interpretation is consistent with extensive evidence indicating that hippocampal neurons encode episodic autobiographical memories (71, 197) and that posttraining reversible inactivation of dorsal hippocampal neurons impairs consolidation of other types of memory: place avoidance memory (38, 140), object-place recognition memory (163) , and spatial water maze (37, 98). Our data add to the growing body of evidence indicating that dorsal hippocampal neurons are involved in more than just spatial types of memory (41, 87, 121, 171) . In addition to memory formation, it is likely that memory retrieval is also important for delaying meal onset (60), which could be tested by inactivating dorsal hippocampal neurons during the period immediately preceding the next meal.
Our results and interpretations are also congruent with findings obtained in humans with temporal lobe amnesia that includes damage to the hippocampus. As noted above, individuals with temporal lobe amnesia have little or no declarative recollection of having eaten a meal (90, 94, 191) . These findings are also consistent with research in humans showing that manipulating cognition, such as what time participants think it is or how many calories they think they have consumed, influences food intake (23, 32, 193, 198, 235) . Manipulating memory, in particular, in humans also influences food intake. More specifically, enhancing memory for the specific attributes of a recently eaten meal inhibits the amount of food that is subsequently ingested (92, 93) ; in contrast, impairing encoding of a meal with distraction increases later food intake (95, 153) . To the best of our knowledge, however, it is not known yet whether manipulating memory in human participants influences the duration of the ppIMI in addition to the amount consumed.
Do hippocampal neurons track time to regulate meal onset? Hippocampal inactivation may accelerate meal onset by interfering with the ability of hippocampal neurons to track time since the last meal. Several converging lines of evidence indicate that hippocampal neurons are involved in interval timing. For instance, electrophysiological recordings have revealed the presence of a significant number of hippocampal neurons that encode and maintain temporal information (64, 105, 128, 142, 145, 159) . These "time cells" contribute to remembering the order of events and bridge the gap between discontiguous events (142, 159) . Similarly, neuroimaging studies in human participants demonstrate that hippocampal activity is associated with successful encoding of temporal memories (106, 223) . It may not be surprising, then, that lesions of the hippocampus or its major input and output projections (i.e., fimbria fornix or medial septal area) disrupt both working and reference temporal memories (reviewed in Ref. 150) . As in the case of our finding that hippocampal inactivation accelerates meal onset (91), rats with impaired hippocampal functioning display leftward shifts in their timing functions, such that they remember the timing of reinforcement as having occurred earlier than it did. A similar phenomenon is observed in humans with damage to the medial temporal lobes (reviewed in Ref. 150) . Interestingly, patient H. M. who displayed episodic memory deficits and increased meal frequency, also consistently underestimated the passage of time for intervals greater than 20 s. His estimates were proportional to the square root of the actual interval plus 20 s, suggesting that an hour in our time felt like 3 min to him (185) . More recent studies indicate that selective lesions of dorsal hippocampal neurons also produce these leftward shifts in interval timing (217, 218) . In terms of subfields, area CA1 appears to be necessary for the coding of temporal aspects of episodic memories, whereas the dentate gyrus and CA3 region appear to be less essential (12, 97, 119, 137) . We speculate that using timing mechanisms to control meal intervals may be more adaptive than relying solely on physiological hunger because such a mechanism would allow for anticipatory responses (e.g., procuring food in preparation for hunger).
Do hippocampal neurons inhibit memory to influence onset? Using permanent hippocampal lesions, Davidson and colleagues have played a pivotal role in demonstrating that memory and hippocampal neurons influence energy regulation (16, 53, 54, 56 -58, 113) . They propose that internal satiety cues activate hippocampal neurons, which, in turn, inhibit the ability of environmental cues and memories of the reinforcing effects of eating to stimulate additional eating. This function is assumed to reflect the more general role of hippocampal neurons in negative occasion setting and inhibition of behavior and memory (58) . Collectively, their findings raise the possibility that hippocampal neurons delay meal onset by inhibiting memory of the satiating and rewarding postingestive consequences of a meal (16, 51, 56 -58, 113) .
Do Dorsal and/or Ventral Hippocampal Neurons Influence Meal Onset?
Several lines of evidence support the involvement of dorsal hippocampus in regulating the ppIMI. Dorsal hippocampal neurons are primarily involved in episodic memory (12, 97, 120, 137, 145, 181) , inactivation of these neurons during the ppIMI accelerates meal onset (91), rats with dorsal hippocampal lesions are impaired in a task that involves learning to associate internal energy states with shocks (96) , and dorsal hippocampal neurons are implicated in tracking elapsed time (217, 218 ). Yet, there are compelling reasons to hypothesize that ventral hippocampal neurons should also be involved in regulating meal onset. Selective lesions of the ventral pole of the hippocampus increase energy intake and body mass (51) , and ventral hippocampal lesions also impair the ability to learn to associate internal energy states with shocks (96) . Moreover, ventral hippocampal neurons are involved in memory that has an emotional or affective component (103, 146) , suggesting that these neurons could be involved in the memory of food. This is supported by the finding that infusions of leptin into the ventral hippocampus (but not dorsal hippocampus) impair the expression of a conditioned place preference for a context previously associated with food (115) . Infusions of ghrelin into ventral hippocampus, but not dorsal hippocampus, increase cumulative chow intake, and ventral hippocampal infusions of ghrelin also increase meal frequency, meal size, and cueinduced eating (114) . Finally, ventral hippocampus neurons are the primary output area of the hippocampus to brain areas involved in eating, including hypothalamus, bed nucleus of the stria terminalis, lateral septum, and nucleus accumbens (22, 31, 86) .
Is Impaired Hippocampal Function a Cause and Consequence of Diet-Induced Obesity?
Currently, more than one-third of the adult population in the United States is considered obese (162) . This epidemic persists despite decades of research into the causes and treatment of obesity. One of the obstacles may be that investigative efforts have concentrated heavily on the hypothalamus and related signals. The evidence reviewed above raises the possibility that altered hippocampal function may contribute to either the development of diet-induced obesity or the maintenance of the obese state. This is significant, because a variety of illnesses and stressors are associated with altered hippocampal structure and function. These include, for instance, mental illness (e.g., mood disorders and schizophrenia; reviewed in Refs. . 18 ). For instance, we recently discovered that neonatal inflammatory pain, such as that experienced in the treatment of premature birth, produces persistent hippocampaldependent memory deficits in adulthood (169) .
Perhaps more germane to the present discussion is the fact that excess intake of nutrients impairs hippocampal structure and function. That is, there is a wealth of evidence showing that overeating causes hippocampal pathology. We and others have shown that feeding rodents high-energy diets impairs hippocampal-dependent memory (15, 50, 53, 59, 74, 85, 113, 172, 188, 189, 210) . As an example, we have demonstrated that rats fed high-energy diets have significant hippocampal-depen- dent memory deficits in the spatial water maze (50, 188, 189) . The spatial water maze task is the most widely used and accepted test of hippocampal-dependent memory in rats (220) . In this task, rats are trained to use cues in a room to locate a submerged platform in a water-filled pool. Latency to swim to the platform across training trials is used as a measure of learning. Memory is typically tested 1 or 2 days later by placing the rats in the pool with the platform absent and measuring latency to swim to the previous platform location, the amount of time spent in the area where the platform was located previously (i.e., the target quadrant), and average distance from the platform (i.e., average proximity). In a recent study, we gave male rats choices of standard chow, tap water, a 32% sucrose solution, and animal lard and used a tertile split to divide these rats based on the percent change in body mass during the first 5 days on the diet (50) . Rats in the bottom 33% (i.e., those with the least percent change in body mass) were defined as high-energy diet lean rats (HED-Lean) and those in the top tertile were labeled high-energy diet obese (HEDObese). Eight weeks later, the HED-Obese rats, but not the HED-lean rats were impaired on the water maze retention test. More specifically, compared with standard chow-fed control rats, HED-Obese rats had longer latencies to reach the platform location (Fig. 3A) , spent less time in the target quadrant (Fig.  3B) , and swam further away from the platform location (Fig.   3C ). Of note, swimming speed did not differ between the groups. Interestingly, these impairing effects of the HED diet were restricted to the memory test because the HED-Obese rats did not have any difficulties learning the platform location during training. That is, latency to swim to the platform during training decreased comparably in control and high-energy diet-fed rats. These findings are similar to those by Davidson et al. (52, 59) showing that a high-energy diet impairs nonspatial hippocampal-dependent memory in diet-induced obese rats, but not in diet-resistant rats. Our recent findings indicate further that consumption of a high-fat/high-sucrose cafeteria diet also prevents the memory-enhancing effects of emotional arousal in a hippocampal-dependent object location memory task (190) . In human participants, higher self-reports of fat and sugar intake are correlated with hippocampal-dependent memory deficits and impaired recall of a recently eaten meal (81) .
In rodents, high-energy diets also decrease hippocampal brain-derived neurotrophic factor (116, 236) , synaptic plasticity (152, 210) , and neurogenesis (139, 170) . These pathological effects of high-energy diets on hippocampal function are likely mediated by a number of processes, including neuroinflammation (168, 179) , oxidative stress (2, 3, 74) , altered blood-brain barrier permeability (10, 53, 168) , and hippocampal insulin resistance (152) . Fig. 5 . The memory-impairing effects of high-energy diets are associated with elevated liver lipids rather than elevated body mass. Rats fed a 60% fructose diet for 12 wk meet the human diagnostic criterion for nonalcoholic fatty liver disease (NAFLD). Liver sections stained with hematoxylin and oil red-O reveal that NAFLD rats have larger and more numerous lipid droplets than control rats (A), have higher hepatic lipid concentrations (B), but do not have increased body mass (C). NAFLD rats display impaired memory on the hippocampal-dependent spatial water maze task, including longer latencies to reach the location where the platform was previously located (D) and fewer visits to the previous platform location (E) (*P Ͻ 0.05 vs. Control). Collectively, our findings indicate that the memory-impairing effects of high-energy diets are associated with increased liver mass and elevated liver lipids, rather than with elevations in body mass, plasma triglyceride, insulin, or glucose concentrations (50, 188, 189) . For instance, the amount of fat in the liver correlates inversely with performance on memory tests (e.g., Fig. 4) . Also, we have found that feeding rats a 60% fructose diet, which is a commonly used animal model of nonalcoholic fatty liver disease (NAFLD), impairs spatial water maze retention performance but does not increase body mass (see Fig. 5) (188, 189) .
Therefore, it is possible that diet-induced obesity is caused, at least in part, by a vicious cycle involving altered hippocampal function (113) . We speculate that ingestion of high-energy diets and numerous other stressors impair hippocampal-dependent memory, which, in turn, decreases the ppIMI and increases meal frequency and meal size, thereby causing and/or perpetuating diet-induced obesity and possibly exacerbating hippocampal damage (see Fig. 6 ). Evidence suggests that the cognitive deficits induced by high-energy diets precede the development of obesity. For instance, feeding rats a highenergy diet for relatively short periods (72 h-5 days) impairs hippocampal-dependent spatial and place memory prior to significantly affecting weight (15, 112) , and high-energy diet-induced deficits in a hippocampal-dependent feature negative discrimination precede and predict the development of obesity (53) .
What Are Key Questions and Future Challenges?
The evidence reviewed above provides converging evidence in support of the hypothesis that hippocampal-dependent episodic memory temporarily inhibits meal onset during the ppIMI. At this juncture, there are several key questions that need to be addressed. For instance, it will be important to ascertain which mnemonic processes influence the duration of the ppIMI. Is it working memory, long-term memory, and/or inhibition of the memory of the rewarding postingestive consequences of eating (58)? Also, if one assumes that the inhibitory actions of hippocampal neurons on meal onset during the ppIMI are temporary, then what factors cause the inhibition to cease? How are distinct memories of different meals generated, particularly for those that involve the same foods and occur in similar contexts and times? This may be addressed, at least in part, by identifying the signals associated with energy intake that contribute to the formation of a meal memory. Is orosensory stimulation sufficient or are postingestive signals required? Also, do hormones and adipokines that stimulate and inhibit intake influence the memory of a meal act at hippocampal neurons to influence the duration of the ppIMI?
A key challenge will be to reconcile the roles of dorsal and ventral hippocampal neurons in meal onset. It also will be important to identify which hippocampal subfields influence meal onset. For instance, if hippocampal neurons regulate meal onset by tracking the time that has elapsed since the last meal, then area CA1 should be critical. The findings reviewed here also point to the need for a neural systems approach that identifies the brain areas involved in meal onset and delineates how their actions are coordinated and integrated. It is likely that many brain regions influence meal timing, including hippocampus (memory and timing), SCN (biological rhythms), basolateral amygdala, and medial prefrontal cortex (cue-potentiated feeding), and lateral hypothalamus. Moreover, other hypothalamic areas and other brain regions may be implicated, such as nucleus accumbens and lateral septum.
Perspectives and Significance
The evidence reviewed above suggests that hippocampal neurons may use interval timing to form an episodic memory of when an event, such as a meal, occurred. These neurons, in turn, likely influence meal onset by temporarily inhibiting regions involved in ingestive behavior. As a result, hippocampal dysfunction increases meal frequency, total energy intake, and weight gain. Given that a host of life events can impair hippocampal function, including excess intake of sugars and fats, it is possible that diet-induced obesity is caused, at least in part, by impaired hippocampal inhibition of meal onset. 
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